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Abstract

“1’he evolution of the stratospheric flow during  the major stratospheric sudden  warn]-

ing of lkbruary  1979 is studied using two primitive equation tnodcls  of the stratosphere

(ind nlesospbere.  One nlode] uses log-pressure as a vertical coordinate (the SMM ), the

other uses potential temperature (the I+CM).  Roth nlodels  produce successful sin~ulations

of the warnling,  capturing the splitting of the vortex. ‘1’hc simulated fields show sn~all

scale structures, such as narrow batoc]inic  nnes and differential advection  of Rossby-

I;rtcl potential vorticity  (l’V), ‘l’he IKM  produces sharper tenlperaturc  gradients, as well

as a nlore realistic recombination an~l recovery of the polar vortex i n the nlicl-st  ratosphcre

after the warming. It is suggested that this is due to the auton~atic increase in vertical  res-

olution near such gradients, and better conserwition  prope~~ies for PV in this nlodc].

A schenlatic  description of the three-cliincmsional evoltition  of the pol[tr vortex is

presented. Strong upward velocities develop in the lower stratosphere on the west or cold

side of :i biiroclinic  zone as it forins  over Europe,  :ind Asi:i.  Strong downward velocities

appc.ar in the upper str:itosplwre. on the exist, or warnl side, streilgtbening  the tenlper:iture

gr:idicnts.  After the peak of the warming,  vc.rtic:il  velocities decre:ise, downward veloci-

ties rnovc into the lower stratosphere and upward vc]ocities  nlove into the upper strato-

sphere. ‘1’be region of high tcn]peratures  iil the LIpper  stratosphere nlovcs  westward over

the. region of low tenljmratures  in the lower str(itosJlhere.

Air with high ozone nlixing  r:itios is advccted  tow:irds the pole fronl low l:ititudes

during the warming, and air with low ozone nlixing  r[itios is transporkd  to the n~id-

str:itosphere  frol]l both higher ancl lower altitudes :ilong tbc baroclinic  zone.  in the pol:ir

re.giot)s. Tra~cctories of j~al”ticles  nloving  aroLInd  the, vorkx  oscillate  up and dowfl as tbcy

nlove through regions  of ascending :ind descending nlotions,

Comparison of SMM sinlul:ttions  with fOI”CCiiSh  Jmrfornlc.d LISiJ]g  the LJC1 .A GCM



1. introduction

Stratospheric sudden wannings result in convoluted flows in the nliddle  attnosphere,

wllcl"e lllatly scales (Jfvertical  all(l}]()riz.() lltall]l(Jti()tl  aregc1lcratc(l  (Fair] ie, et al. 1990,

hereafter FFO). l`hedyt~a~llical  pr[)cesses  itlv()lve(l  i[~a]~~aj()]"  sbat()sl~llerics  ti(lde]~

w:il-[]lillg  areparticL]larly  c(J1ll~]lex:ill(i  intriguitlg+ One such event, which hasnlotivatect

several observational, theoretical, and nlode]ing  studies developed in n~iddle  to late

I ;cbruary  1979 (see Andrews  et al. 1987, chapter 6 for a review; also Mechoso  et al, 1985

and Mechoso and Arakawa 1986). in this paper, we J)resent a comprehensive picture of

the tl~ree-(lit]~e]lsio~lal  evolution of the stratospheric flow during  this warming. Our goal

is to gain insight into nlodel features that arc inlpwlant in successfully sinlul:iting  such

e.vents.

Mechoso  et al. (1985, hereafter M) and Mcchoso  and Arakawa(  1986, hereafter MA)

pcrforn~cd  experinlental  forecasts of the February 1979 stratosJ~hcric sudden warming

using a version of the UCLA general circulation n~odel  (CJCM) with the top at 1 n~b. M

shows significa]lt  sensitivity of the stratospheric forecast to horizontal  resolution, and

sllggcsts  that this is a nlanifestation  of sensitivity to errors in tropospheric forecasts. MA

confirms this view by showing that low resolution j’orecasts of the warming can be dra-

n~atical]y  i]nproved by updating selected tropospheric fields with observed values  during

the prediction.

Although M and MA demonstrate that the GCM can predict stratospheric sudden

wannings  fronl several days in advance, the forecast fields are not idea] for detailed study

of the stratosphere. The tnodel  top at ] nlb is too low for analysis of the the upper strato-

sphere. II] acldition, the GCM has only six ICVCIS between 100 nlb and its top fit 1 nib,

giving  a vertical resolution of approxitnatcly  6 kn]. 1~1~0 show, in sinlu]atiorls  using a

ll]”illlitivc-c(]tlotioll  nlodel of the stratosphere and nlesosphcre  (inc]u(jing  onc of the Ikbn]-
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stratospherc than the GCM, we can significantly inlprove the sin~ulation of these sn~all-

scale features of [he stratospheric warming and explore their structure and interactions

with the large scale flow. ‘h investigate these issues, we use the LJK MO Stratosphere-

Mesosphcre  Mode] (SL4M) to sinlulate  the liebruary  1979 nla;or wartning.  ‘1’he horizon-

tal resolution of this nlode] is con~parable  to the GCM, but it has higher vertical resolu-

tion.

Another approach which has important advantages in modeling the attnosphcre is to

use entropy as the vertical coordinate (Ar:ikawa et al. 1992). Since isentropic  surfaces are

tnaterial surfaces under adiabatic conditions, the vertic:il resolution of the nlode] auton]at-

ically increases in regions of stro]lg ten]perature  gradients. in addition, using  an isen-

tropic coordinate, the Rossby-Ertel  potential vorticity  can be sin~p]y expressed, nlaking  it

easy to conserve in a discrete system. one can also obtain a quasi-I .agrangian  view of

atmospheric nlotions. A spectral, entropy coordinate tnodcl (ECM) of the stratosphere

and tncsosphere  was recently developed at UC1 .A and the lJnitcd Kingdotn  Metenologi-

cal Office (LJKMO; Mike l:isher,  private cO1ll]~ll]]~icatiO1]).” ‘1’he ECM incorporates a

tracer transport algorithnl,  with tr:insport of ozone interactive with the radiation code.; it

iil SO includes an on-line, tr:i~cctory  calculation. We usc this n]odcl  to sinlulfitc the 17CllrL]-

ary 1979 stratospheric sudden  warnling,  and results are. conlp:ircd  to those. fronl the

SMM.

in the following, we first describe and conlpare, sinlulations  performed with the two

str:itosphcric  n~ode]s. We use the results of these sinli]l:itions,  including tracer transport

and trfijectory calculations, to exatninc  the tllrce-(li[llellsio]l:il evolution of the flow during

this nl:tjor warnling  and subseqi]ent  recovery. l:in:il]y,  simul:itions  with the SMh4 are

conlpare.~i  with the GCM forecasts described by M and MA.
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2. ‘1’hc IIata ancl Moclcls

(1. D(lt(l 011(1 OIAS(?IW?{l Evolution  of tll(] ]{’Iow

I’wo sets of observational data are used to initialize  the mocle]s  aad verify results.

Natioaal  Mete()r()l()gical Ce]lter (NMC)tel]l~~eratl]  ]"esalld  ge(Jpotel~tial  l~eiglltsare]~r()-

vialed on 65 by 65 polar stereographic g-ids for each henlisphere  at 18 pressure levels

fronl 1 ()(N to 0.4 Inb. Above 100 n~b, the NMC geopotcntia]  height fields are produced

by using retrievals fronl stratospheric soul]ding  units on board satellites aad the ] 00 n]b

analyses. Details of the data retrieval scheme  are given by Gelnlan et al. (1 986) and ref-

erences therein. The levels in the stratosphere are 100, 70, 50, 30, 10, 5, 2, 1, and 0.4 nib.

‘1’hc latter level is well  above the weighting function peak of the highest satellite channel

used, and is therefore unreliable; 0.4 nlb data are not used in this study.

LIMS temperatures, geopotential  heights, and ozone nlixing  ratios are providccl in

the fornl of Fourier coefficients for the zoaal nlean ant] first six 7.onal  harmonics at 4

degree latitude intervals fronl 64 S to 84 N, as described by Leovy  et al. (1985). They

are, given at 18 pressure levels between 1 ()() an(j ().05 nib, corresponding to a vertical reso-

lution of approxinl:ite]y  3 kn~.  JJata at (),05 n~b were not used due to the large number of

missing  values. LIMS data are used for verification of nlodel  results, since fields such as

winds c:ilculated  from then] are sonlewhat  less noisy than from NMC (iata,  an~i their ver-

tical rcsolut  ion is nlore con~parable to that of the stratospheric n~odels.  1,1 MS data are not

used for boul~dary  fields, since their lowest level  is 100 n~b.

‘1’hc nla;or s!ratosphcric  warn]ing that developed in February 1979 has been alM-

ly7.cd in a nun]bcr  of studies (Anclrews et al, 1987 and references therein). We briefly

dcscribc  the evolution of the flow [is a context for our n]odcl comparisons. ]Jigurc 1

shows 1 () n]b geopotential  heights and temperatures fronl ,1 MS data for selected  days
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Aleutian high centered near 180°. By 19 February, a second  anticyclone  can be seen

forming near ()(). By 23 February, the two anticyclones  have nlerged across the pole, and

the cyclonic  polar vor[ex is split into two well separated vortices, one over North Anmrica

(the “North Anlerican”  vortex), and the other over norlhcrn  lluropc and Russia (the

“liurasian”  vortex). The Eurasian vortex is slightly stronger than the North An~erican vor-

tex. ‘1’he anticyclon.e  ren~ains  ovc.r the pole through 1 March, after which the two

cyclonic  vortices recon~bine  (with the North An~erican vortex bccon~ing  nluch weaker) to

fornl a sillglc  vor[cx tnuch reduced in size fronl its prc-warn~ing  din~ensions.  This vortex,

and a weakened Aleutian high nlove.  slowly westward, with the vortex positioned over

eastern North Anlerica on 13 March.

Ihring 19 through 21 l%bruary,  ten]pcratures  increase west of the Aleutian high,

with the nlost dranlatic  increase between 23 and 25 February;  during this titne, strong,

horizontal tetnpcrature gradients are seen toward the eastct<n  side of the Eurasian voliex.

Figure 2 shows a longitude height cross-section of ten~perature  at 60°N fronl I.IMS data

on 25 I%bruary in which strong vertical ten~pcrature  gradients (approxinlate]y  6 K/knl)

arc also apparent. The horizontal resolution of both I.l MS and NMC data is about 20

degrees in longitude (C]ough et al. 1985, l.covy et al. 1985);  this coarse horiz,ont[il  resolu-

tion tends to sn~ooth the tenlperature  gradients in observations (I;f X3). liIW showed ve]li-

cal tetnperature  profiles reported by radiosondes with situilar  strong tenlpcrature gradi -

ents. ‘1 ‘hexe regions of strong tenl perat ure gradients are referred

this study.

GcoJmtcntial heights  and tenlpcraturcs  at 1() nlb frmn NMC

o as batoclinic 7,011cs  in

analyses provide a sinli-

lar picture; ciuring the peak of the warn]ing, the separation of the two cyclonic vortices is

slightly ICSS,  and the North Anlcrican  vollex is slightly stronger. Since the effective verti-

cal resolution  of the NMC data is near 12 kn] (Clough  et al, 1985), the baroc]inic  7,011c is

even lCSS well resolved, but interpolated fields stil suggest valical  tenlperature gradients



where co is the vertical conlponent  of the relative vorticity  conlpute(l  on 0 surfaces,

.f = 2{) sin(latil[~dr),  g is acceleration due to gravity, :ind 0 = 7’(po/p)A is potential tenl-

pcrature.  For adiabatic, inviscid flow, Q is conserved along [i parcel trajectory, so con-

tours of Q on isentropic  surfaces can be used to approxinlately  follow the n~otion of air

(l~oskins  et al. 1985; Clough  1985; ITO). Q was calculated from I.IMS data, using an

algorithm similar to that described by Newman ct al, (1989). These fields, although

sonlewllat  noisy, give a picture of the large scale evolution, Figure 3 shows Q for 21

l~ebruary (near the beginning of the warn]  ing),  25 Fcb, 27 Fe[), 1 Mar, 3 Mar (near and

after the peak of the warnling,  and 11 March (after the two cyc]onic  vortices have reconl-

bined).  These distributions will be conlpared  with results of SMM and ECM sinlulations.

h T/l (’ Mmlcl,v

‘1’he Stratosphere-Mesospherc Model (SMM) is based on the prinlitivc  equations

with horizontal velocity and tenlperaturc  as prognostic  variab]cs. A log-pressure vcllical

coordinate is used. in the horiz,onta], the equations are discretizcd  to fourth-order :iccu -

racy on an ‘A’ grid (Arakawa and I.anlb  1977). I’hc SMM incorporates the radiation cal-

culation of Shine (1987). The ozone (distribution is prescribed, zonally  synln]etric,  and

corresponds to an observed clin]ato]ogy  (K Ienk et al. 1983). A Iincar relaxation of the

wind field to zero (1 lo]ton 1976) is included to represent the effect of sub-grid scale pro-

ce,sscs,  including gravity wave breaking. l~urther  details of the SMM are given by l~ishcr

(1987).

Tbc lower bounciary of the SMh4 is at 100 n~b and the top at 0.()1 nib. There are 32

levc]s in the vertical, resulting in a vertic:il resolution of about 2 knl. ‘1 ‘he horizontal reso-

lution is 5° longitude by 5° latitude,. “1’he geopotentia]  height onc grid space below the,

first nlode] level  is prescribed as a d:iily sequcncc  of observed ticlds that are linearly
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Tbe use of entropy or potential ten~perat  ure as the vertical coordinate itl atmospheric

n~ode]s has several advantages (Arakawa et al. 1992). Coordinate surfaces are tnaterial

surfaces for adiabatic processes. Hrtel’s potential vorticity  (PV) can be simply expressed,

making  it easy to conserve in a discrete system. III addition, one can obtain a quasi-

1 .agrnngi[in view of atmospheric nlotions.

The Entropy Coordinate Model (ECM) is a spectral, isentropic  coordinate version of

the SMM, developed recently by Mike Fisher (paper in preparation) at UC1.A and the

UK MO. The vertical coordinate is s = C,, log(O/Oo).  The model prognostic variables are

velocity streamf Llt~ctiot~,  velocity potential, and pseudo-density (@/d,Y).  Two terms are

included to represent the effect of sub-grid scale processes, an iterated l-ap]acian  and a

sinlp]e  linear drag as used in the SMM,

‘] ’he ECM also uses the mdiation  scbenle  of Shine (1987). II) one version of the

tnodcl,  ozone is a tl~rec-dit~let~siol~al,  prognostic field, and is fully interactive with the

radiation paranleteri  z,at ion. Photochenlistry  is cruclely paratneterized  as a relaxation of

ozone  nlixing  ratio towards the clinlatological  fields. “1’he nlode] can al,w) be run using a

prescribeci,  climato]ogical  distribution of 07,0ne in the radiation calculation, as in the

SMM. Since a detailed clescription  of the IKM has not been published, the nla~or  fea-

tlll”cs of the Ill(de] are described ill the AJ>pendix.

For nlost of the sinlulations,  the lower boundary of the ECM is at 400” K (near 1 ()()

In b), and the upper boundary at 4000 K (tlcar .03 nib), with 15 lCVCIS  in the vertical,

cqufi]ly spaced in s. This gives better resolution in the stratosphere than the mesospherc,

with the vertical resolution in the nlid str:itosphere  typically being about 3 kn~ away fron]

strong  tetnperilture  gradients. A triangular truncation at wavenun~ber  30 (’1’30) is used for

nlost of the simulations described here, resulting in a hori7,0ntal  resolution sinlilar to the

SMM. “1’he Montgon~ery  streanlfunction  is specifjed  at the lower boun~iary.

I’he version of the GCM used for exJmrin]cl~tal  forecasts of the, February 979



were pwfotuned  fronl initial conditions corresponding to 15 February 1979 and 17 ~7ebrLl-

ary 1979 at two horizontal resolutions, 4° l[ititude  by 5° longitude, and 2.4° latitude by

3° longitude. initialization was done using a conlbination  of F(X3E Ixvel  11 lb anal yses

and National Meteorological Center (NMC) height and tenlperature fielcis, as described

by M. We concentrate on the highex  resolution forecasts, which were n~ore successful

than those with low resolution.

Several datasets  have been used for initialization and boundary fields in our sin~ula-

tions. NMC data were used for initial and boundary fields for SMM and ECM runs fronl

15 anti 17 February, and these two sets of sinlu]ations  are direct] y con~pared.  In these

ECM sinlulations,  the ozone field is initialized fronl the clin~ato]ogy described above.

A(i~iitional  ECM sinlulations  were done fronl 17 February with LIMS data (Ix.ovy et al.

] ‘)8S) used for initialization, IJI sotne of these cases, LIMS ozone is used in the initializa-

tion.

SMM rLms stalling  on 15 and 17 ~ebrLEtl”y  have also been done with the san~e  initial

tlel(is used by M and MA for the GCM, and with the lower boundary given by the 1 ()()

tub heights fronl the high resolution (2.4° by 3[) ) GCM forecasts, ‘1’hese 1“1111S are nlost

directly cwnparablc to the GCM forecasts. SMM runs have also been done using the

FGG13 data that were used to initialize the (3CM for boundary and initi:tl fields.

Most SMM and ECM sin~ulations are ten (iays long,  as arc the GCM forecasts. A

sinlulation  fronl 17 February 1979 with e:ich of tbc stratospheric nlodc]s  is extended

through 13 March, so that the recovery of tbe vortex after the warnling  can be exanlincd.

I;or the SMM, the sinlulation  using NMC data for initi:iliz:ition was extended; for the

IiCM, the sinlulation  initialized with 1.1h4S ct:ita (and 1.IMS oz,onc) :ind [i sinlulation

using NMC (iata are extended. Table 1 shows the stuciics  th:it  will be L]scd for interconl-

parison  between Liift’erent  n~ode]s. Table 2 shows additional 11CN4 sinlillations  that were

(ionc to exanline  the sensitivity of that n]odcl to wirious factors.
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3. Stratospheric Model Comparisons

a. SMM and ECX4 conq)arisons

Both SMM and ECM simulations fronl 15 f~ebruary  and 17 February were per-

fornled using NMC data to provide initial and boundary fields. IXM simulations have

been done with the sanle prescribed time-dependent 07,011c  distributions used in the

SMM, and with advection  of oiwne.  A conlparison  of the results of these  sin~ulations

shows that the dynanlica]  fields are nearly identical. Sinlulations with a prescribed ozone

distribution will be compared directly to SMM fields. in general, both stratospheric nlod-

els succeed in proLiucing  at) evolution characterized by a vortex split and a nla~or wave 2

type warming. We examine here similarities and differences between the simulations

with each model. It is immediately clear that the date of initialization k much less signif-

icant in the stratospheric models than in the GCM forecasts; simulations from 15 Febru-

ary in the ECM and SMM are only slightly less successful than those from 17 February.

‘1’hcreforc,  after brieft y describing the sin~ulations  fronl 15 February, wc concentrate on

sinlulations  stalled  fronl 17 February.

At 1() mb, in sinlulations  started fron~ 15 February, the region of low temperatures

associated with the Eurasian vortex is larger and colder than observations, and that asso-

ciated with the North Atnerican  vortex somewhat wanner. ]n the liCM sinlulation, the

North Anlerican  vorlex is slightly weaker than observations ancl the liurasian vortex

sonlcwhat  stronger. II) contrast, in the Sh4M sinlu]ation,  the strength of the two vortices

is nlore cqwil, with the Eurasian vortex weaker than observations. On 25 l~eb (IJig. 1 c),

the.rc is a region  of high tenlperatures near 900E” :tnd 50(’ l:iti(u(ic, with a nlaxinlunl  value

ne:ir 2(K) K. Neither sinlulation  h:is tcnlperaturcs above 245 K at this level on this day,

illld in both the, region of high te,nlperature,s is closer  to the po]c. The .SMM sin~u]ation
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highcr altitudes.

l~igure  4 shows geopotentia]  heights at~d temperatures fronl SMM and ECM sin~ula-

tions fronl 17 l~ebruary  on 21 and 25 February. The SMM sin~ulation is son~ewhat closer

to observations than that frwn 15 February; the ECM sinlulation  is very similar to that

fronl 15 February. Figure 4 shows that the North Anlerican  vortex at 10 nlb is slightly

too strong  in the SMM sin~ulation,  and slightly too weak in the 13CM sinlulation.  On 25

February, the region of high tenlpe,ratures  is closer to the pole and not as warnl as obser-

vations. l;igurc  5 shows lollgitLlcle/}leig}lt  cross-sections of tenlperature  fronl these runs

for 23 l~ebrLlary.  Again, in both cases, the strongest vertical tenlperature  gradients are

near 5 K/knl,

Rossby-Ellel potential vorticity  on 21, 23 and 25 February in the sinlulations fron]

17 l;ebruary  is showJ) in Fig. 6. in both sinlulations  low values of PV are being  advectecl

fronl low latitudes into the polar region  east of the Eurasian vortex, and into the Aleutian

anticyclone;  similar advection  can also be seen around the eastern edge of the Nor{h

Anlerican  voltex,  especially in the SMM sinlulation.  The SMM resL]lts show son~e

regions of higher PV near the pole and the Aleuti:in anticyclone,  especially on 23 Febru-

ary, possibly an allifact  of polar filtering in the tnode] (FFO).

in general, the re.sLdts fronl the two nlodels  are quite sinlilar,  although the ECM

Ilonlinal]y  has coarser vertical resolution than the SMM. The isentropcs  shown in Fig. 5

reveal that the vertical resolution of the ECM near the baroc]inic  zone is near 2 kn~, sinli-

Iar to that of the SMM.

A Ilun]bcr of additional simulations have been done using the ECM. One that is of

parlicu]ar  interest was clone fronl 17 February  using 1~1 MS data for initialization of the

(iynamical fields and the ozone distribution. The full version of the nlo~iel  with 07,0ne

transport interactive with the radiation schenle  is used. “J’he boundary fields used are the

s:inlc as described above since I.IMS clata  do not cxte.nd be]ow 100 tnh. Rc,si[]es havin p-. . . . ..- . . . . . ..O
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Figure  7 shows geopotentia]  heights and tenlperatures at 10 nlb fronl this sitnulation

on 21 and 25 February. As in the other ECM sinlulations,  the North An~erican vortex is

slightly weaker than observations and the Eurasian vortex slightly stronger. Also,

although the high tetnperatures  at 10 nlb are near the values in observations, the region of

w:irnl tenlperatures does not con~e as far off the pole as in observations. Figure 8 shows a

101~gittlde/lleigt~t  cross-section of tetnperature  on 23 l;ebruary. Both horizontal and verti-

cal tenlperature gradients are stronger here than in the sinlulations previously discussed,

with vertical tenlperature  gradients reaching about 9 K/knl. h4axinlunl  tenlperatures are

higher than observations by as n~uch  as 10 K, and are centered at slightly lower altitude.

Figure 9 shows PV fields for this sitnulation.  A large region  of low PV values is advccted

across the pole, consistent with PV nlaps  calcu]ate.d fronl observations, and with conserv-

ation of ]’V (F]K3).

Vertical velocities were calculated fron) the SMM and ECM sinlulations,  using the

continuity equation and assunling  that the divergence is zero at the top of the SMM, or at

a pressure level near the top of the ECM (F.CM results were interpolated to pressure sur-

faces for this calculation). FFO showed that substantial vertical velocities arc associated

with strong baroclinic  7ones. Figure  1() shows l(J]~gitllcle/lleigl~t  cross-sections ;it 60°N

and horizontal sections at 12.2 nlb of vertical velocity on 23 February for the SMM rL]n

fronl 17 February using NMC data, the ECM run using NMC data, and the ECM run

using I.IMS data. The pattern is qualitatively iinlilar  in each case, [ilthough details vary

considerably. Each shows a region  of ~iownward  velocities throughout the stratosphere

along the baroclinic  zone, toward the warnl, or eastward side. There is also a region of

upward velocities farther east of the baroclinic  zone in the upper stratosphere. IX)wnward

velocities in the nlid-stratosphere arc strongest in the SMM sinlu]ation.  Both sinlulations

initialized with NMC data also show very strong  downward velocities in the lower n~eso-

sphcre  and upper stratosphere; this n~ay be clue to adjustnlcnt in the nlode] fronl the ini-
. . . . . < .  . . . , . . . . . . . . . . . . ,’, ,
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upward and downward velocities with upward velocities poleward  of and west of the

baroc]inic  zone, in the cold region, and downward velocities equatw-ward and east of the

baroclinic  zone, in the warn~ region, A weaker such dipole pat(ern appears at the location

of the North Anlerican  vortex, but has little tilt with height, and upwarcl  velocities lie

directly west of downward velocities.

Since the recovery of the circulation after the warming depcncls n)ore on processes

taking place  within the stratosphere rather than at tropopausc  level, and because the ECM

should conserve PV better than the SMM, we expect greater differences in n~ode] perfor-

tnancc during the recovery. Figure  11 shows 10 nlb geopotential  heights and tenlpera-

tures, and 850 K PV on 5 and 11 March fronl SMM and E3CM sinlulations stalled on 17

IJebruary  using NMC data for initialization and boundary fields. On both days, the

strength and position of the cyclonic  vortex shown in the height fields are considerably

closer to observations in the ECM than the SMM. While the cyclone is slightly stronger

in the ECM sinlulation  than in observations, both cyclone and anticyclone  are nluch

weaker in the SMM sinlulation,  and on 5 March, two separate cyclonic vortices are still

apparent. in the PV fields, the lack of conservation of PV in the SMM is obvious. in

conlparing nlode] PV fields with those calculated fron] observations, one shou]d consi(ier

that there nlay be apparent l~ol~-corlservatiotl  of I’V as a result of poor resolution in the

data, rather than of any ~iiabatic effects, The n~axinlunl  PV values in the SMM sinlu]ation

on 11 March are approxinlate]y  half those on 25 IMwLlary  at the peak of the warnling.

‘1’hc corresponding PV values in the ECM sinlulation  decrease by approxinlately 20%.

Maxinlunl  values calculated fronl lJMS data (Fig. 2) also decrease by approxinlatcly

20-30%  during this tinle. The recovery of the vor(cx is consi~ierab]y  faster than would be

expccte(i  frwn radiative cooling in the l~~i(l-stl”:ttos~]l~crc,  where radiative tinle scales are

2-3 weeks (Ilickinson 1973).

‘1’hc liCM sin~ulation  using I,IMS data for initialization was also extended through



-14-

b. ECM Resolution and ll[)undary/ltlitializatioil  te.vts.

A nunlber  of additional ten-day runs were done using the ECM to assess the model

sensitivity to details of the boundary and initial fields. These arc sun~n~arized  in Table 2.

We note the following points:

● ‘] ’here is little difference between runs where ozone is transported and interacts

with the radiation calculation, and runs where the radiation calculation used a pre-

scribed, time-dependent distribution of ozone corresponding to an observed clin)a-

tology. Also, using clinlato]ogical  versus I.l MS ozone for initialization when ozone

is transported by the nmde] does not produce large differences in the dynanlical

fields. ‘1’his is consistent with the hypothesis that diabatic  effects are not crucial for

short (around 1 () day loI~g) sinlulations.

● Since the. pressure at 400” K in the Northern } len~isphere  during l~ebruary is gene.  r-

all y higher than 100 nlb (new 150 nlb around the Aleutian high), runs were, done

with the lower boundary at 420 K. I’he results do not show any significant differ-

ences from the simulations with the lower boundary at 400 K.

● Ilsing 20 levels rather than 15 produced a slight improvenlent in the intensity of

the North Anlerican  Vortex.

?’he I ;CM becon~es very tien~andil~g  of con~puter resources as the nlode] resolution

is increascxi, nlain]y  due to increases in resources required by the radiation code and

ozone advcction.  TO exanline  the sensitivity to nlodel  resolution, a nlodified  version of

the ECM was used in which the radiation code was replaced with a sinlp]e  Newtonian

cooling, as describe.d by O’Neill and Pope (1988), and the tracer a(ivection  was renlove(i;

tilis nlo(ie] version is referred to as the “Mini-llCM”. over a short run, the ren~ovai of the,

ra(iiation  co(ie.  shoulLi not have a very iarge effect. Mini-JZM  runs were initialized with

i .IMS (ii~t;i. Onc run W;IS  ]nadc with (he sanlc resolution ns the fl~ll JICM ~1’30 truncation,
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Geopotentia]  heights and tenlperatures  at 1() nlb for21 and 25 February from the

‘I’(K)  and ‘1’30  rLms fire shown in I:ig. 12. The T30 run shows similar failings to the corre-

sponding ECM sinlulations:  the North Anlerican vortex is too weak, an(i the anticyc]one

is too strong aJILi too wide across the pole.  Both deficiencies are alleviated to some extent

in the T60 run. Since all the ECM sin~ulations,  which have poorer veflical  resolution

over nlost of their donlain  than the SMM, but sinlilar  horizontal resolution, tend to n~ake

the North An~erican vortex too weak, we speculate that vertical resolution may be an

ialpollant factor in reproducing the Nollh  An~erican vortex. ‘1’he 7’60 rll~l also conies

closer to reproducing the region of low tanperaturc,s over North Anlcrica, which is not

well represented in the 730 run, or in other sin~ulations.

Maxinlun~  vertic:il tenlperature  gradients in the q’30 Mini-}ZM  run are about 10

K/kn~ on 23 February (as opposed to about 9 K/knl in the lKM sinlulatiol~ describeci ear-

lier initialized with LIMS data). ]n the 3’60 rLlt~, nlaxinlun~  ten~pcrature  gradients are

about 9 K/kn~,  also on the 23r~i.  As shown  in Fig L~re.  13, on 25 ];CbJ”Llary, the T60 run

shows stronger ten~peratL]re  gradients associated with the North Anlerican vortex than

with the lower resolution, We note that the North Anlerican  vortex is less tilted than the

lhrasian vortex, and thus the strong ten~peratL)re gradieats are n~ainly horizontal. Given

the poor horiy,ontal  resolution of the data available, we cantlot say whether this feature

was present in the atmosphere. As in IWO, our results emj~hasize the importance of

observation systetns  capable of higher horizontal and vertical resolutions that are cur-

rently available to itnproving  our understanding of stratospheric dyn:imics.

4. Tliree-diIl]cllsio)lal  strudurc  of the flow am] transport during the warming

Each of the two stratospheric tnode]s  (SMh4 and ECM) has produced successful

sinlulntions  of the Febmary 1979 sudden  wartning frotn several days itl advance. We use
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The thl”ee-ditllellsic)  ~la] strLlcture  of the flow is exanlined  by inspection of an isosur-

face of PV on isentropic  surfaces, throughout the warming, calculated fronl an ECM sin~-

ulation  started on 17 February. Fig. 14 shows an isosurface of PV where the values are

scaled  by a standard atn~ osphere  value of 136/13p (R ald win and } lolton 1988, 11 ald win and

IIunkemn 1989), so that PV has units of vorticity,  and the range of values is sinlilar at

each level. The value selected represents a contour within the region of strong PV gradi-

ents, and as such is an approxinlate definition of the edge of the vortex. Also shown in

Fig, 14 is the full PV field at 874 K, in the tniddle  of the vertical range. As the warn]ing

develops and the polar wulex splits, we note the developnlent  of a strong westward tilt

with height of the Eurasian vortex, and a sinlilar but nluch weaker tilt in the North An~eri-

can vortex. The developnlent of this tilt indicates that PV is being advccted  at different

rates on different isentropic surfaces; this differential advection  of PV contributes to the

devclopnlent  of snlall vertical scale strLlctLwe (FFO).

FFO analyzed a baroclinic Zone obtained during a sinlulation  of another strato-

spheric warnling,  at a tinle near the peak of the warming. I’his analysis showed thfit a

tl~cl+l~~odyl~all~ic:tlly  indirect secondary circulation a’rose,  nlainly  fron] adiabatic warming

due to strong sinking nlotion  on the warnl (east) side of the baroclinic  zone; the

ageostrophic  flow provided a feedback on the frontogenetic effect of t}le large-scale

geostrophic flow, acting to strengthen the baroclinic  zone. 1 lere we show the tinle evolu-

tion of the baroclinic  zone associated with the Eurasian vollex in a series of ten~perature

and vertical ve,]ocit  y cross-sections fronl the. 13C.M si n~ulation  that used 1.1 M S data for i ni -

ti:ilization  (Figure 15). As the b:iroclinic  7.OIIC is fornling, the strongest downward nlotion

is in the upper stratosphere where the tenlpcraturc.s arc high, and strong upward velocities

appear in the lower stratosphere, to the. west of the baroclinic  7,(me,,  nloving  cold tenlpe.rii-
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region of downward velocities nloves down and that of upward velocities up, and the

strength of the vellical  velocities dinlinishes,  so that the vertical nlotion  no longer

strengthen.s the baroclinic  zone. During this entire  time period, the region  of lowest tenl-

per;itures in the lower stratosphere ren~ains  relatively s~~tionary,  while the region  of high-

est temperatures nloves westward and downward over it. ‘i’he baroclinic zone itself also

n~ovcs downward, and at the end of the episode, horizontal  ten~perature  gradients

decrease, so that by 27 February, the strong  gradients at 60° N are neal<]y verti’cal.

Figure  16 shows horizontal plots tit 12.2 n~b of vel~ical  ve]ocites  and tenlperaturcs.

‘1’here is a (iipole type pattern of upward and downward velocities, with contours approxi-

tnately  orthogonal to those of the tenlperature field and downward velocities located on

the eastward and equatorward side of the vortex, upward velocities on the westwar~i  an~i

po]eward side. Divergence is associated with the upward velocities and convergence with

downward velocities.

Figure 17 shows a schenlatic  of the vortex strLlcture  during the peak of the warnling.

Westward and po]eward of, and below the baroclinic  zone are divergence and upward

nlotion  ill the cold region; eastward and equatorward of, and above the baroclinic  zo[le,

convergence and downward motion take place in the warnl region. ~’hese  “tilting” effects

ten(i to increase the baroclinicity  locally. After the baroclinic  zone forn~s, the centers of

upward ((iownward) velocities move above (below) the baroclinic  zone, decreasing these

effects. A qualitatively sinlilar strLlcture  is seen when baroclinic  zones  develop in sinlula-

tions of final warnlings  in both Northern an(i Southern Hcnlisphercs (Manney  et al.,

1992).

The trajectories of fluid parcels were estinlated  using the sinlLllatcd  vc]ocity  field
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used neal< the poles. The trajectory tinle-step  was 30 nlinutes.  We present results

obtained in simulations fronl 17 February.

Figure 18 shows several trajectories started at 30° N on 17 February at 850 K in the

ECM fronl the sitnulation  initialized using I.IMS data. P:ircels  are advected  across the

pole, and around the Aleutian IIigh. Those parcels that renlain  at low latitudes show little

vertical nlotion.  However, strong downward tnotion  develops as parcels are advected

around the e.quatorward  and eastern side of the Eurasian vortex, consistent with the posi-

tion of the strongest downward velocities (Fig. 18b). This is followed by strong  upward

nlotion  as the particles are advected through the region  of upward velocities on the west-

ward and poleward side of that vortex.

I;igure  19 shows trajectories started at 70° N also at 850 K. l’arcels that start well

within the vortex are confined to one of the vortices that develop during the wartning,  and

circulate rapidly around that wmex. Vertical velocities vary as the parcels nlove through

regions of upward and downward velocities as they circulate around a vollex.  Parcels

that stnrt near the edge of the initial vortex either move away fronl the vortex or circulate

within it, depending on the exact statling position. There are also parcels  that start well

outside the initial vollex  and end up circulating aroun(i  one of the vortices after they have

split (not shown). As before, those parcels that nlove away from the vollex  have smal I

(iisplacenlents  in the vertical.

Qualitatively sinlilar nlotions  are also seen for panicles  started at higher (] 100 K)

an(i lower (600 K) levels. The general trend over the, oscillatory vertical nlotion  is for

parcels to nlove down in the polar regions (Fig. 19b), as is expected during the winter

season. There is also ciownward  motion in the polar regions at lower and higher levels.

Ovcr the 10 day period shown, parcels started at 840 K and 70°N expc.riencc  di:ibatic
-1descent of as nluch as 6 Kd ; particles started at 600 K and 70°N experience di:ibatic

dcsccll -1
111>  to 2.5 Kd , and particles startc(j at 1100 K and 70°N expcric.ncc  diabatic
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C. hnsport  qfozone  in ECM simulations

Another way of exanlit~ing  the evolution of the flow is by looking at the nlotion  of tracers.

Ozone is of particular interest, due to concerns about anthropogenic influences on its clis-

tribution,  and for cotnparison  with the Southern 1 ]etn i sphere where the ozone  hole forms.

Since ozone  data are available fronl L] MS, the model can be initialized with a synoptic,

tlllee-(lit~~el~si{)tlal  ozone field. Figures 20 aud 21 show horizontal and vertical sections,

respectively, of ozone during the sinlu]ation  with the ECM initialized with LIMS clata.

]’lots of ozone fronl L] M S data are shown for cotn parison. Since photochcn~istry  is very

crudely represented by a relaxation to clinlatology,  ozone in fact behaves very nluch like

(i passive tracer. The horizonta]  fields of ozone thus strongly resemble those of PV.

lnitial]y,  there are low ozone nlixing  ratios in the polar vortex, as well as in the

Aleutian high and the developing high over Northern Europe. As the vortex splits, high

{)zonc values  are advected  across the pole fronl low latitudes, forming strong horizontal

gra(iicnts  as the region of low ozone associated with the Aleutian high is also displaced

toward the polar regions. Since the distribution of ozone in the nlid-str:imsphere is cotl-

trollcd  n~ain]y by dyn:inlical  processes, it is not suprisiilg  that the ECM does well in

rcproduciilg  the observed field of ozone at this level.

I;rom the vertical cross-sections, we see th:it  high ozone is advected  into a region in

the mid-stratosphere to the east of the IWr~sian  vortex and the baroc]inic  zone;  a smaller

concentration of high values is :IISO seen to the east of the Nollh Anlerican vortex. 1 ligh

0701E  values :ire advected nlainly  fronl lower latitudes around the eastern side of each

vortex, while low ozone values are transported fronl both higher and lower altitudes along

the barocliilic  zone. Again, the main features of the observed ozone distribution are

[)btaitwi  in the sinlu]ation.
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S. Comparison of SMM simulations and GCM forecasts

M and MA perfornled  experinlental  forecasts of the IJebruary 1979 stratospheric

sudden warnling  using the UCI.A CJCM, with a resolution of 2,4° latitude by 3° longi-

tude. Unlike the stratospheric nlode]s,  these forecasts were highly  sensitive to the starting

date. The forecasts started fronl 15 February did not produce the n~ajor warming and the

splitting of the vortex, while those fronl 17 February were successful in this regard.

lower resolution sinlulations  (4{) latitude by 5° longitucle) were less successful fronl

either starting day. M suggested that these results were due prinlarily to the effect of

errors in the troposptleric  forecast.

“11~ further explore this hypothesis, we perfornled  SMM sin~ulations  using the sanle

data that was used to initialize the CJCM for boundary and initial fields. ln addition,

another set of SMM sinlu]ations  uses boundary fields defined by the 100 tnb geopotential

heights fronl the higher resolution (3CM forecasts. in this second  set of sinlulations,  the

SMM perfornlance will be affected by any errors present in the tropospheric forcast  that

affected the stratospheric forecast in the GCM. Although the horizontal grid spacing in

the SMM is approxinlate]y  twice that in the high resolution GCM, the vertical grid spac-

ing is about one-third that of the cJcM,  and the SMM n~odel  top is n~uch higher.

Figure 22 shows SMM geopotential  heights for a sinlulation  fronl 15 February,

where f;[;CJ]~ data are used for initialization and boundary fields. ‘1’his sinlu]ation  repro-

duces the observed splitting of the vortc.x, although both cyclonic vortices are too we:ik

(especially the North Anlerican  vortex) and too far fronl the pole; the anticyclone  is nluch

wide.r over the pole than in observations. ]n contrast, both the GCM forecast frwn 15

}:cbruary (J~igure ? in M), and the SMM sinlu]ation  with GCM fields used at the lower

boundary (not shown), show a tendency towards splitting of the vortex on 21 February,

but the vc)rtc.x  does not con~pletc]y split as is apparent in the results corresponding  to 25
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I’hese results support the hypothesis that errors in the tropospheric forecast are largely

responsible for the failure of the CXM forecast fronl 15 February. MA showed that in

predicting the split of the polar vortex the success of the forecast fronl 15 February is dra-

nlatically  inlproved  by updating selected fields in the troposphere using FGGE data. This

SMM sin~ulation provides further evidence that the stratospheric forecast is very sensitive

to errors in the tropospheric forecast.

l~igure 23 shows 10 nlb gcopotential  heights fronl SMM sin~ulations  and high reso-

lution GCM forecasts initialized on 17 February. The two SMM sinlulations use FGCIE

data and 100 nlb GCM fields, respectively, for their boundary fields. The SMM sinlula-

tion using GCM boundaly  fields reproduces nlost  of the deficiencies of the GCM fore-

cast: the ~nticyclone  is too far off the pole, the Eurasian wmex is too strong throughout,

and both vortices are too close to the pole. in the SMM sinlulation  using GCM boundary

fields, the North Anlerican  vortex is also too strong. In the SMM sin~ulation using FGGE

data,  the anticyc]one  is too wide over the pole, and the North An~erican  vol~ex is too

weak.  The strength of the Eurasian vortex is near th:it of observations in this case.

III general, the SMM using the 1 (N nlb GCM fields for boundary conditions pro-

duces horizontal fields very sinlilar  to those in the GCM. l~igure  24 shows a longi-

tude/height  cross-section of tenlperatures at 60 N, fronl the GCM and the two SMM sin~-

ulations  fron~ 17 February. ]jorizontal ten~perature  gradients are sinli]ar in the GCM and

SMM with GCM boundary, but vertical  tenlperature  gradients in the SMM sinlulation  are

approxinlate]y  twice as strong as those in the CJCM forecast (6 K/knl vs. 3 K/knl). “1’he

effect of inlproved  vertical resolution in the stratosphere is thus apparent. in this case, the

lower horizontal resolution of the SMh4 does not appear to nlaterially  affect the sin~ula-

tion, in the SMM sin~ulation with fKiG13 data, both vertical and horizontal tenlperature

gradients are slightly stronger than those in the SMh4 sin~ulation with GCM fields.
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5. Discussion and conclusions

Two primitive equation nlodels  of the stratosphere and nleso.sphere  with nearly the

sanlc  I):irall]etel”izatiolls  of physical processes, but different vertical coordinates are used

to sinlulate  the stratospheric sudden warnling  of February 1979. One nlocie]  uses pres-

sure as a vertical coordinate (the SMM), the other uses potential ten~pcrature  (the ECM).

Roth nlodels  produce successful simul:itions  of the warn~ing that show n~any of the sn~all-

scale features that are known to develop during  such events  (FFO) in n~ore  detail than can

be provided by current observational data. Most results fronl these sin~u]ations show rel-

atively subtle differences between the two nlode]s.  I%n~ slight differences in the sh:ipe.

and positions of the polar vortices, it is not possible to say that either nlodel  is clearly

superior, particularly given the inadequate resolution of the da~~ to which nlodel  results

can be conlpared.

The ECM non~ina]ly has lower vertical resolution than the SMM. One of the :idvan-

tages  of the entropy vertical coordinate is that as sn~all  scale structure such [is a baroclinic

zone cievelops, the isentropes are tilted and packed together; since the flow is apptwxi-

nlately  along isentropes, this inlplies  that the vertical resolution is autonlatical]y  increased

without the need to increase the nunlber  of nlodc] levels. Con~J~arison  of SMM sinlula-

tions  with LJC1.A GCM forecasts, and resolution tests with the ECM shows the in~por-

tnncc of vertical resolution in sinlulating  events such as stratospheric w:innings  where

snlall scale structure develops within the large-scale flow.

1 n sin~ulations  of the recovery of the polar vortex after the warn ling, the ECM per-

formed significantly better than the SMM in the l~~i(l-stlatos])l~ele.  As described by 13X3,

during the warnling,  high PV values are drawn out into narrow tongues, which eventually

are lost due. to resolution and truncation effects in the nlodel, Since,  the reconlbination  of

centers of high IW is necessary to the recovery of the vortex, and since this recovery
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nlotions.  The use of entropy as the vertical coor(iinate  sinlplifics  the expression of PV,

nlaking  it easy to conserve in a vellically  discrete systetn.  The success of the ECM in

si nl ulating the recovery of the flow after a nlajor warining  appears to be an advantage

using entropy as a vertical coordinate.

A con~parison  of runs with varying resolutions using a sinlplified  version of the

IXM  suggests that further in~provenlent  of the results could be gained by increasing

of

K)th

horizonta] and vertical resolution. With the advent of n~ore powerful conlputers, this

shoul~l  beconlc  feasible for both spectra] and finite-difference nlodels.

We exan~ine the sinlulated  tl~ree-di~~lel~sio~~al  structure and evolution of the polar

vortex during the warming. During the warming, and fern] ation of a narrow baroclinic

zone associated with the Eurasian vortex, the Eurasian vortex tilts strongly westward with

height throughout the stratosphere. This shows the differential advection  of PV noted by

IWO, where high PV values are advected at different rates on different isentropic sur-

faces. The differential advection  of PV increases the inlportance  of adequate vertical res-

olution, since the effective vertical scale of high PV features is thereby reduced (FFO).

A schenlatic  description of the evolution of a baroclinic  zone and its relation to the

polar vortex is presented. Strcmg vertical velocities deve]oJ>  in a ~iipole  pattern along the

eastern side of the vortex as the baroclinic  zone fornls. LJpward  velocities are in the

lower stratosphere, on the westwarcl and po]eward side of the baroclinic zone, in the

region of low tenl peratures;  down ward velocities are on the eastward and equator ward

side, in the region of high tenlperatures.  3’his pattern advects  high ten~peratures  ciown-

ward to the east and low tenlperatures upward to the west, increasing the strength of the

baroclinic  zone. After the tin~e of strongest ten~perature  gradients, the downward veloci-

ties n~ove  into the lower stratosphere and the upward velocities tnove up. ‘1’hc strength of

the vertical velocities decreases, l“he region of high tenlperatures in the upper strato-

sphere  nloves westward over the region of low tenlperatures in the lower stratosphere.
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baroclinic  zone.. Additional details of transport are elucidated by trajectory calculations.

Trajectories of particles caught in the Eurasian vollex  after the vortex splits show oscilla-

tory upward and downward nmtion as they nlove through the regions of upward and

downward velocities. The overall tendency is for particles to nlove downward in the

polar  regions.

Conlparison of SMM sinlulations with forecasts using the LJCI.A GCM reinforces

the inlportance  of vellical  resolution in the stratosphere in nlodeling  the stratosphere; an

otherwise successful GCM forecast did not reproduce the baroclinic  zone associated with

the Eurasian vortex, while an SMM sinlulation  using the GCM prediction for 100 nlb for

boundary fields did. The comparison of GCM and SMM results also confirms the sensi-

tivity of stratospheric forecasts to tropospheric forecasts suggested by M and MA; SMM

sin~ulations  using GCM fields for the lower boundary reproduced nlost  of tl~e sanle fail-

ings as the GCM forecasts.

The tl~ree-di~~lel~sic)~]al  picture presented of the evolution of the flow during a strato-

spheric sudden warming shows the deve]opnlent  of pronlinent  features in a broad range

of spatial scales. This en~phasizes  the inlportance of adequate resolution, especially verti-

cal resolution, whether in n~odel  sitnulations or in data, in resolving these features for bet-

ter understanding the dynanlics and structure of the stratospheric polar vortex.
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Appcnclix:  Entropy Coordinate Model Description

‘1’he entropy coorctinate  nlodel  is based on the primitive equations expressed in term

of a vertical coor(iinate  s = C,, log(O/OO). Model  levels  are equally spaced in s giving

slightly higher resolution in the stratosphere than the nlesosphcre.  The reference potential

tcnlperature,  O., nlay be set arbitrarily, and a value of 1 K is used here. The n~ode] is

divided into discrete layers in the vertical, with the prognostic variables (velocitiy  streanl-

function, yl, velocity potential, X, and pseudo-density, m = dp/ds) defined at the center of

each level. The hydrostatic equation is discretized  using the energy conserving fornlula-

tion of HSU and Arakawa (1990).

The Montgonlery streanlfunction  is specified at the isentropic  surface which is the

lower boundary of the n~odel  as a sequence of fields which are linearly interpolated in

tinle. The center of the lowest layer for which the prognostic variables are held is one

vertical grid-spacing above the lower boundary level. The upper boundary condition is

providcxi  by assunling  that the tetnperature at the upper boundary of the top layer of the

nlodel  is identical to that at the lower boundary of that layer. Use of this upper bound:iry

condition has been found to reduce the an~plitude  of oscillations in n? near the top of the

nlodc] (Mike Fisher, private col~lrllllf~icatioll),”

A senli-inlp]icit  nlethod  is used to integrate the prognostic equations in tin~e.  The

non-linearity of the hydrostatic equation with respect to pressure requires that the pres-

sure gradient be split into two ternls, one of which is linearly related to pressure, and is

integrated in~plicit]y,  and a ren~ainder  which is integrated with a leapfrog tirnestep.  A

nlild time filter (Asse]in,  1972) is applie(i to the prognostic fiel(is, ozone pseudo-density

ilnd any other  trace species in the rno~iel,  to prevent the growth of conlputational  nlodes.

“J’he nonlinear tervns in the discrete-time prognostic equations are calculated using

the spectral transform rnetho(i (Orwag 1970, Eliasen  ct al, 1972), where the prognostic
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that quadratic terms are evaluated without aliasing.

I.ongwave and shol~wave  radiation are parametrized using the scheme of Shine

(1987). The shortwave parametrization is based on that of Strobe] (1 978), The long-

wave scheme uses the Cullis matrix method to paratneterize emission and absorption of

]ongwave  radiation in the 9.61/ ozone  and 15/1 carbon dioxide bands. A simple parame-

trization  of the radiative effects of water vapor is also included. The radiation parame-

trization  was adapted from the version used in the isobaric model (SMM). For the short-

wave and water vapor schen~esj this requires only that the schemes account for the fact

that pressure varies in the horizontal. The Iongwave  ozone parametrization was adapted

by calculating a Curtix  matrix for each vertical column at each radiative time step (3

hours for the runs discussed here). The carbon dioxide parametrization is left unaltered

from that used in the isobaric version of the model, and temperatures and heating rates

arc linearly interpolated between the pressure grid required by the longwave  parametriz-

ation  and the entropy grid used by the mode],

‘1’he “vertical velocity”, i, is given by j = H/T, where H is the heating rate and T is

temperature. Time integration of vertical advection  terms is carried out using a first

order, forward scheme. This scheme is usually unstable for advection  equations, but has

proved stable  in practice,

The effect of gravity waves on the mesospheric flow is represented cmdely by a sinl-

ple linear drag, following Ho]ton (1976), with the drag coefficient increasing linearly with

height in the mesosphere. Other unresolved scales are pararneterized  by adding an iter-

ated IJaplacian  to the prognostic equations, i. e.,

Currently, $’ = 3, and z = 1.08 x 104s- ]. Vertical diffusion of mass and momentum is

based on the method used by I ls~J and Arakawa  (1990).
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in an identical fashion. This does not guarantee the absence of negative mixing  ratios,

and if such regions occur, they are filled in by borrowing ozone pseudo-density from sur-

rounding points. I>i~(Jtocl~etllistry  is crude]y paranleterized as a relaxation towards the cli-

nlato]ogical  fields used by Shine (19$7); the relaxation tinle constant is a function of lati-

tude, altitu(ie  and date, based on Garcia and Solwnon (1985). Other tracers can also be

added  to the nlode].
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‘J’aMe 1. Summary of forecasts and simulations used for inter-mode] comparisons.

Stal”t bmmdary initial length
model

date data data

SMM 15 Feb NMC NMC 1() days

ECM 15 Feb NMC NMC 10 days

SMM 17 Feb NMC NMC 24 days

ECM 17 Feb NMC NMC 24 days

ECM 17 Feb NMC LIM S 24 days

SMM 15 Feb FGGE FGGE+NMC 10 days

SMM 15 Feb GCM FGGE+NMC 10 days

GCM 15 Feb --- FGGE+NMC 10 days

SMM 17 Feb FGGE FGGE-ENMC 1() days

SMM 17 Feb GCM FGGE+NMC 10 days

GCM 17 Feb --- FGGE+NMC 10 days
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“1’able 2. Entropy Coordinate Model (ECM) simulations used to test various features of

the model. With transport on, ozone (Oq) is transported by the model  and is interac-

tive with the radiation code. Under radiation, full means the detailed radiation

sh=cheme (Shine 1987) is used, Nc means a simple Newtonian cooling is used. “cl

0~” refers to a climatological  zonal mean distribution of 0~ as described in text.

start transport radiation truncation levels lower initial

date (011 or off) (ful] or Nc) boundary data

on full TX) 15 400 K NMC+CI 0~

off full TM) 15 400 K NMC+CI Oq
15 Feb

off fLJ]] T30 15 400 K LIMS+CI 01

C)ff fll]] T30 15 420 K L] MS+C1  G$

on ful 1 T30 15 400 K NMC+C1  0~

off fLJ]l T30 15 400 K NMC+CI 0~

off full T30 20 400 K NMC+CI L$

o n full T30 15 400 K LIMS+C1 Oq

17 Fcb off ful 1 TX) 15 400 K LIMS+C1 0~

off full T30 15 420 K 1.IMS+CI 0~

on fll]] 1’30 15 400” K LIMS+LIMS C+

off Nc TX) 15 400 K LIMS

I off Nc T60 30 400 K LIMS



Figure and Table Captions

Figure 1. Geopotential heights (grey scale, km) and temperatures (contours, K) from

1.lMS data at 10 mb, every two days from 17 Feb 1979 through 11 Mar 1979. Pro-

jection is polar stereographic, with outer edge at 20°N latitude. 30° and 60° lati-

tude circles are shown as dashed lines.

Figure 2, l.O1~gitllde/lleight  plot at 60°N latitude of I.,IMS temperatures (K) for 25 Feb

1979.

Figure 3. Rossby-llrtel  potential vorticity  (Q) calculated from LIMS data on the 850 K

isentropic  surface (a) 21 Feb 1979, (b) 25 Feb 1979, (c) 27 Feb 1979, (d) I Mar
-4 2 -1 -11979, (e) 3 Mar 1979, and (f) 11 Mar 1979. llnits  of Q are 10 K m kg s .

Figure 4. Geopotentia]  heights (grey scale) and temperatures (contours) at 10 mb for

SMM (a and b) and IZCM (c and d) simultitions  started from 17 February using

NMC data for initialization, on 21 and 25 February. lJnits and layout are as in Fig.

1,

Figure 5. Longitude/height plots of temperature at 60°N for SMM (a) and ECM (b) sinl-

ulations  stwled from 17 February using NMC data for initialization, on 23 February.

Figure 6. Rossby-Ertel potential vo]licity  (Q) on 21,23 and 25 February from SMM (a,

b, and c) and 13CM (d, e, and f) from simulations started on 17 February using NMC
2 -1 -1data for initialization. Units of Q are 10-4 K m kg s .

Figure 7. Geopotential heights (grey scale) and temperatures (contours) at 10 mb for

ECM simulation started from 17 February using I~lh4S ~iata for initialization, on 21

and 25 February, Units and layout  are as in }:ig. 1.

Figure 8. Longitude/height plots of temperature at 600N” for IiCM simulation started

from 17 February using LIMS data for initialization, on 23 Ikbruary.
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Figure  10. Vertical velocities (cm s-1 ) from simulations stalled  on 17 February, for SMM

and ECM initialized with NMC data, and ECM initialized with I.IMS data.  (a)

through (c) show lor~gitllde/lleigtlt  cros-sections at WON; (d) through (f) show hori-

zontal cross-sections at 12.2 m b (level marked on vertical sections).

Figure  11. (a) through (d) Geopotential  heights (grey scale) and temperatures (contours)

at 10 mb for SMM (a and b) and ECM (c and d) simulations started from 17 Febru-

ary using NMC data for initialization, on 5 and 11 March. LJnits  and layout are as in

Fig. 1. (e) through (h) Rossby-Ertel  potential vorticity  (Q) on 21, 23 and 25 ~ebru  -

ary from SMM (e and f) and F,CM (g and h) from simulations started on 17 Febru-
2 -1 -1ary using NMC data for initialization. Units of Q are 10-4 K m kg s .

Figure 12. Geopotentia]  heights (grey  scale) and temperatures (contours) at 10 mb for

n~ini-ECM mns Stmled from 17 February with a T30 truncation and 15 levels (a and

b) and with T60 truncation and 30 levels (c and d), on 21 and 25 February. Units

and layout are as in Fig. 1.

Figure 13. 1.ongitude/height  plots of temperature at 600N” for TX) (a and b) and T60 (c

an~i d) nlini-F.CM  runs, on 23 and 25 ]kbruary,

Figure 14. Three-dimensional plots representitlg  the structure of the polar vortex during

the warming, from the ECM simulation started from 17 February using NMC data

for initialization. The lowest level is 470 K, the highest 1700 K. The outer white
-1sulfate shows values of Q in vollicity  units (see text) of 1.65 s ; the inner blue sur-

face shows temperatures less than 200 K. The colored plot at the bottom shows Q

on the 874 K isentropic surface, in the center of the vellical  range shown. 40[), 60°,

and 80(’ latitude circles are shown, and 0° and !X)OE longitudes are labeled. Plots

are for every two days from 17 February through 5 March.

}Jigurc 15. l>O1~gitllde/l~eigl~t  cross-sections at 60°N

ver[ical  velocities (contours, cm s-1 ) from the,

of temperatures (grey scale, K) and

{CM simulation started from 7
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Figure 16, Horizontal plots at 12.2 mb of temperatures (grey scale, K) and vertical veloc-

ities (contours, cm s-]) from the ECM simulation started from 17 February using

LIMS data for initialization, every two days for 19 through 27 February.

l~igure 17. Schematic of the structure of one polar vmlex  at the peak of the ,warming (see

text).

Figure 18. Trajectories from the ECM simulation starting 17 February initialized with

LIMS data. Five trajectories started at 850 K and 3t3°N, Symbols are plotted every

day; trajectory positions were saved every 4 hours. (a) horizontal positions; the field

in the background is Q at 850 K on 21 February. (b) pressure as a function of time.

(c) e as a function of time.

I~igure  19, Trajectories from the ECM simulation starting 17 February initialized with

LIMS data. Five trajectories started at 850 K and 70°N. symbols  are plotted every

day; trajectory positions were saved every 4 hours. (a) horizontal positions; the field

in the background is Q at 850 K on 23 Febmary.  (b) pressure as a function of time.

(c) 0 as a function of time.

l~igure 20. (a) through (d) Ozone mass mixing ratio at 850 K from the ECM simulation

stalling 17 February initialized with LIMS data. Every 4 days for 17 February

through 1 March. (e) through (h) Ozone mass mixing ratio for the same days from

1.IMS data.

Figure 20. (a) through (d) Ozone mass mixing ratio at 60°N from the ECM simulation

starting 17 February initi:ilized with LIMS data. Every 4 days for 17 February

throu~h  1 March. (e) through (h) Ozone mass mixing ratio for the same days from

I.IMS data.

Figure  22. Ge.opotential  heights (km) from the SMM simulation initialized on 15 12ebl”u-

ary using I:CJCJE data for boundary fields and initial iy,ation, on 21 and 25 February.
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21 and 25 February are shown.

Figure 24. Lcmgitude/height  plots of temperature at 60°N on 23 February from (a) the

GCM forecast initialized on 17 February, (b) the SMM simulation started on 17

February using 100 mb heights from the GCM forecast for boundary fields, and (c)

the SMM simulation started on 17 February using FGGE data for initialization anti

boundary fields.

‘I%blc 1. Summary of forecasts and simulations used for inter-model comparisons.

Table 2. Entropy Coordinate Model (IXM)  simulations used to test various features of

the model. With transport on, ozone (Oq) is transported by the model and is interac-

tive with the radiation code. Under radiation, full means the detailed radiation

scheme (Shine 1987) is used, Nc means a simple Newtonian cooling is used. “cl

0~” refers to a climatological  zonal mean distribution of Oq as described in text.
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